The 14 kb mRNA of the polycystic kidney disease gene PKD1 encodes a novel large (~460 kDa) protein, polycystin-1, of unknown function that is responsible for autosomal dominant polycystic kidney disease (ADPKD). The unique organization of multiple adhesive domains of polycystin-1, including 16 Ig-like domains (or PKD domains) suggests that it may play an important role in cell-cell/cell-matrix interactions. Here we demonstrate the localization of polycystin-1 to epithelial cell-cell contacts in culture. These results along with structural predictions prompted us to propose that polycystin-1 is involved in cellcell adhesion through its cluster of Ig-like repeats. We show that Ig-like domains II-XVI are involved in strong calcium-independent homophilic interactions in vitro. Domains XI-XVI form interactions with high affinity (K d = 60 nM) and domains II-V exhibit the lowest binding affinity (K d = 730 nM) in these studies. Most importantly, we show that antibodies raised against Ig-like domains of polycystin-1 disrupt cellcell interactions in MDCK cell monolayers, thus indicating that polycystin-1 is directly involved in the cell-cell adhesion process. Collectively, these data suggest that interactions of the Ig-like repeats of polycystin-1 play an important role in mediating intercellular adhesion. We suggest that the loss of these interactions due to mutations in polycystin-1 may be an important step in cystogenesis.
INTRODUCTION
Autosomal dominant polycystic kidney disease (ADPKD) is one of the most common genetic disorders, with an estimated incidence of 1/1000, accounting for 8-10% of all cases of endstage renal disease (1) (2) (3) . The disease is characterized by progressive development and enlargement of cysts in the kidney and other organs such as liver, pancreas and spleen (4, 5) . ADPKD is phenotypically and genetically heterogeneous with 85% of the cases caused by mutations in the polycystic kidney disease gene PKD1 (6) (7) (8) (9) . Most of the remaining ADPKD cases can be attributed to PKD2 mutations (10, 11) with <1% of cases due to mutations in a third unmapped locus. In addition to the genes responsible for ADPKD, recent data indicate the existence of a family of polycystin-like proteins, whose role in renal disease is presently unknown (12) (13) (14) .
The 14 kb PKD1 cDNA encodes a novel large (~460 kDa) protein, polycystin-1, of unknown function. The predicted extracellular N-terminus consists of two leucine-rich repeats (LRR), a C-type lectin domain, an LDL-A domain, multiple Ig-like domains (or PKD domains) and an REJ domain followed by multiple transmembrane domains and a cytoplasmic C-terminus (9, 15, 16) . The 16 Ig-like domains are linearly segmented within the sequence such that the first Iglike domain is localized between the LRRs and the C-type lectin domain while the remaining 15 Ig-like domains are tandemly clustered in the middle part of the molecule. Originally thought to be true members of the Ig superfamily, recent work suggests that while the PKD domains contain an Ig-like fold, they represent a novel family (17) . Based on this unique arrangement of known structural motifs a predicted function of polycystin-1 is to mediate cell-cell/cell-matrix interactions. Recently, it has been shown that small peptides from the Iglike repeats of polycystin-1 can interfere with branching morphogenesis of the ureteric bud (18) . However, the precise function(s) of polycystin-1 in the normal state as well as how the mutated protein gives rise to the cystic phenotype of ADPKD remain unknown. Mutation analysis of the PKD1 gene has been complicated due to the presence of highly conserved homologous genes. No clear genotype-phenotype correlation can be seen with the reported mutations to date. The majority of mutations are inactivating, and they are scattered throughout the gene, with no obvious hot spots (reviewed in ref. 19) . To begin to understand the cellular function of polycystin-1 and its role in pathogenesis, we have experimentally addressed one of the predicted roles of this protein: that of cell-cell adhesion.
The formation of intercellular contacts is a complex event mediated by several types of interaction. It has been shown that the Ig-like domains of the true members of the Ig superfamily (as well as Ig-like domains of numerous other proteins including cell surface receptors, matrix proteins and enzymes) are involved in binding functions with a number of different ligands and play a role in cell-cell interactions (17, 20) . Furthermore, homophilic interactions of Ig-like domains have been shown to contribute to cell-cell contact formation (21) (22) (23) (24) . These functional predictions of proteins with Ig-domains, in particular as they relate to cell-cell interactions, are consistent with the observed membrane accentuation of immunolocalized polycystin-1 to renal tubular epithelium, liver and pancreatic ductal epithelium (25) (26) (27) (28) .
Here we present data showing membrane localization of polycystin-1 to sites of cell-cell contacts of epithelial MDCK cells using antibodies against four distant regions. This suggests that polycystin-1 may contribute to cell-cell adhesion, possibly through homophilic interactions of its Ig-like domains. To test this hypothesis, we have chosen an in vitro binding assay for its ability to quantify and thus discriminate between meaningful and marginal interactions. The cluster of 15 Ig-like repeats was subdivided into three contiguous groups of four (IgII-V), five (IgVI-X) and six domains (IgXI-XVI). Domains XI-XVI demonstrated specific, saturable and high affinity interactions (K d = 60 nM) while domains II-V demonstrated lower binding affinity. We suggest that cis interactions between polycystin-1 molecules on the same membrane might co-exist with trans interactions between opposing molecules at the site of cell-cell contact. Most importantly, we present the first evidence for direct involvement of polycystin-1 in cellcell adhesion by demonstrating disruption of intercellular contacts in MDCK cell monolayers with antibody against the Ig-like cluster.
RESULTS

Anti-polycystin-1 antibodies specifically recognize transfected polycystin-1 constructs
The generation and rigorous characterization of specific antibodies against the potentially multifunctional protein polycystin-1 is a crucial prerequisite for addressing its role. For subcellular localization and structure-function analysis of endogenous polycystin-1 in epithelial cells, we raised antibodies against the following regions along the molecule: the N-terminal region (anti-LRR), C-terminal region (anti-BD3), the REJ domain (anti-L2) and the cluster of Ig-like domains (II-XVI) of polycystin-1. We have characterized the specificity of these antibodies utilizing recombinant polycystin-1. Three constructs (Fig. 1A) , including full-length (PKD1-FL) and truncations (HTM3 and Nhe delta), were used for transient expression in cos1 cells (data not shown) and in the baculovirus/insect cell system. The two truncated polycystin-1 clones, HTM3 (~130 kDa) and Nhe delta (~170 kDa), were expressed at a high level in both systems as revealed by western analysis and immunofluorescence using anti-BD3 (Fig. 1B and C) . Because expression of the full-length PKD1 construct was not successful in either eukaryotic expression system, we demonstrated anti-L2 and anti-IgPKD antibody specificity against corresponding fusion proteins expressed in bacterial cells (data not shown). In addition, all of these antibodies were able to precipitate in vitro translated polycystin-1 specifically (data not shown). Thus, the antibodies used in this study were rigorously characterized for their ability to immunoprecipitate in vitro translated polycystin-1 as well as by western and immunofluorescence analysis of recombinant polycystin-1.
Polycystin-1 localizes to cell-cell contacts
Several anti-polycystin-1 antibodies have been described by different groups; however, there is little consensus on the subcellular localization (19) . Because some of the reported antibodies were raised against rather short synthetic peptides derived from human sequences, it is possible that they might not crossreact with different cell types and/or between species. Therefore, we have chosen to use several anti-fusion protein antibodies to avoid this problem. To address the subcellular localization of endogenous polycystin-1 in MDCK epithelial cells, we performed immunostaining of polycystin-1 with antibodies to the N-terminal region (anti-LRR), C-terminal region (anti-BD3) as well as to the REJ domain and Ig-like cluster of the protein (anti-L2 and anti-IgPKD, respectively). All antibodies showed clearly recognizable membrane staining at sites of cell-cell contact ( Fig. 2A) . No staining was observed with the secondary antibody alone or in the presence of the immunizing polypeptide (data not shown). It is important to note that isolated cells and free cell borders of contacting cells did not localize polycystin-1 at the membrane, although some intracellular staining can be seen ( Fig. 2A) . This cytoplasmic staining is specific, because it is eliminated by preincubating the antibody with the appropriate fusion protein (data not shown). These data are in agreement with the recent report by Peters et al. regarding polycystin-1 expression at sites of interaction between adjacent MDCK cells (29) .
We have also examined polycystin-1 expression in membrane-enriched fractions of MDCK cells utilizing the Nand C-terminal antibodies (anti-LRR and anti-BD3, respectively; Fig. 2B ). Both antibodies specifically recognized añ 400 kDa band predominantly in membrane fractions as well as some smaller proteins which might be the products of degradation (Fig. 2B ). Similar size polycystin-1 protein (~400 kDa) was detected previously in the kidney by other groups (18, 25, 30) . We have also observed the presence of anti-BD3 immunoreactive bands in the cytoplasmic fraction of MDCK cells (Fig. 2B ). It remains to be determined whether anti-BD3 immunoreactive bands of similar size (~400 kDa) found in membrane and cytoplasmic fractions (Fig. 2B ) are identical or might represent alternatively spliced isoforms of polycystin-1. Our observations suggest that the compartmentalization of polycystin-1 is dynamic and that trafficking of polycystin-1 between the cytoplasm and plasma membrane compartments is a function of cell contact.
Strong homophilic binding of Ig-like clusters of polycystin-1
The 15 Ig-like domains of polycystin-1 (II-XVI) are organized as a tandem array spanning exons 11-15, while the IgI domain, encoded by exon 5, is located separately. As shown above, polycystin-1 is localized to the lateral membranes of contacting MDCK cells (Fig. 2) . These data suggest that polycystin-1 participates in cell-cell contacts and when considered along with the structural predictions it is reasonable to propose that this function of polycystin-1 is most likely mediated by homophilic interaction of its Ig-like-domains. To test this hypothesis, we used an in vitro binding assay that has been used by others to detect high affinity interactions such as the one between Ras and Raf-1 proteins (K d = 50 nM) (31) .
We cloned and expressed the Ig-like cluster as three nonoverlapping regions, GST-Ig a (II-V), GST-Ig b (VI-X) and GST-Ig c (XI-XVI) as shown in Figure 3A . The same regions were also in vitro translated as [ 35 (Fig. 3A ). Beads were washed to remove unbound material, loaded on the gel along with starting (input) in vitro translated material, resolved electrophoretically and then exposed to X-ray film as shown in Figure 3B . All three regions of polycystin-1 appeared to interact with each other with the Ig c region being the strongest ligand for Ig a , Ig b and especially itself. No binding of labeled Ig polypeptides was observed to the GST carrier (Fig. 3B) . Similarly, a labeled irrelevant protein, luciferase, showed no binding with any of the Ig fusion proteins (data not shown). Moreover, the full-length polycystin-1 ([ 35 S]PKD1-FL), which contains the complete contiguous Ig cluster, also specifically binds to all fusion proteins (Fig. 3B) . These interactions are independent of calcium, since they were not inhibited by the presence of 10 mM EDTA (data not shown). To assess adequately the significance of Ig-like domain homophilic interactions under consideration, we compared them side-by-side with the functionally significant interaction between p53 and SV40 large T-antigen (32) (33) (34) . As shown in Figure 3C , T-antigen is strongly and specifically bound to p53 beads in our assay.
Dissociation constants for Ig-like homophilic interactions
The binding properties of Ig a , Ig b and Ig c regions were quantitatively characterized by measuring the affinity for each interaction (Table 1 ). Figure 4 
Antibody to Ig-like domains perturb cell-cell adhesion
As a first step towards addressing the specific role of Ig-like domains of polycystin-1 in the cellular adhesion process in vivo, we have examined the direct effect of antibody against the Ig-like cluster (anti-IgPKD) on intact MDCK cell monolayers. If indeed Ig-like domains are mediating cell-cell adhesion through homophilic interactions and/or through heterophilic interaction with another yet unidentified cell surface molecule, anti-IgPKD antibody should perturb cellcell interactions. A similar technique was employed to probe E-cadherin mediated cell-cell adhesion by Wheelock et al. Figure 5A shows the normal appearance of MDCK monolayer islands with cells tightly attached to each other. The same typical epithelial morphology is displayed in the presence of preimmune serum (Fig. 5B) . Moreover, no difference was seen in the presence of anti-LRR antiserum, which is specific to LRR, another potential adhesive domain of polycystin-1 (Fig. 5C ). In contrast, cells grown in the presence of anti-IgPKD antiserum dissociated from each other as shown in Figure 5D . Three representative fields in Figure 5D demonstrate the dynamic process of loss of intercellular contacts, where some cell clusters are still intact at the time of analysis. This effect was dose-dependent with a 1:30 dilution being the minimal effective dose. Similar disruption of cell-cell contacts was also caused by the presence of 1 nM of GST-Ig a , GST-Ig b and GST-Ig c soluble fusion proteins (data not shown). Importantly, to eliminate the possibility that the disruptive effect of the anti-Ig PKD antiserum may be a result of the presence of other antibodies in the preparation, we have tested the preimmune serum (Fig. 5B) of the same rabbit in this assay. The cell-cell disruption effect is reversible upon removal of anti-IgPKD antibody. In addition, we have demonstrated the specificity of the effect by preincubating anti-IgPKD antiserum with GST-Ig abc fusion proteins. As shown in Figure   5E the disruptive effect of the anti-IgPKD antiserum (1:30) can be neutralized in the presence of GST-Ig a , GST-Ig b and GSTIg c fusion proteins (10 µg/ml each). The effect was dosedependent with lower concentrations of fusion proteins causing partial neutralization of the anti-IgPKD effect on cellcell dissociation (data not shown).
DISCUSSION
The Ig-like domain region of polycystin-1, also known as the PKD-domain region, consists of 16 copies of an~80 amino acid repeat (9) . The analysis of the three-dimensional structure of a single repeat showed that it is not a true member of the Ig superfamily, although it has a characteristic β-sandwich topology (17) . Domains with this Ig-like fold are present in proteins as diverse as matrix proteins, receptors and enzymes, and in each case they have been shown to interact with extremely different ligands varying from small peptides (e.g. HLA) to giant proteins (e.g. titin oligomer) (20) . Moreover, each part of the surface of the domain can be used for interaction with a ligand. One known function of the Ig-like domain is the homophilic interaction with other Ig-like domains via their β-sheets (21, 22, 37) . These interactions were found to be important for cell-cell contacts or homodimerization. It has been shown that NCAM redistributes to intercellular contacts by homophilic interactions of the Ig-domains (21) .
The primary structure of polycystin-1 suggested its likely role in cell-cell/cell-matrix interactions; however, this has not been demonstrated experimentally. Thus, we set out to examine the role of polycystin-1 in mediating cell-cell contacts. We examined the localization of polycystin-1 in MDCK cells, a canine kidney epithelial cell line, using antibodies against four different regions of polycystin-1: Nterminal (LRR), C-terminal and the middle region (REJ and Iglike cluster). Using well-characterized antibodies, we clearly showed that polycystin-1 was predominantly expressed at sites of cell-cell contact. Similar findings with a different set of antibodies were recently reported by Peters et al. (29) . Combining these data along with the predicted functional capability of Ig-like domains to be involved in cell-cell/cellmatrix interactions (reviewed in ref. 20) , we hypothesized that homophilic interactions of Ig-like domains of polycystin-1 may play a role mediating intercellular adhesion.
To test this hypothesis, we analyzed the homophilic binding potential of several Ig-like domains as clusters. We engineered regions Ig a , Ig b and Ig c , containing 4, 5 and 6 domains, respectively, for expression as fusion proteins in our binding assay. Each region was translated in vitro and tested for the ability to bind to each region including itself in the form of immobilized fusion protein. We showed that Ig-like domains form high affinity calcium-independent homophilic interactions with a K d of 60 nM for domains XI-XVI and lower binding affinity for domains II-V (730 nM). The observed difference in binding capacities could be partially explained by the different number of Ig-domains in each construct, so that the higher number of repeats results in stronger binding because of higher avidity. A pivotal role of a particular single repeat in binding cannot be excluded, but we feel that our approach of analyzing large blocks of Ig-repeats in vitro is the most adequate because of the potential cooperative nature of this interaction. Interestingly, the homophilic binding of polycystin-1 resembles that of chick NCAM where all of the five Ig-like domains are involved in homophilic interactions (38) . Kiselyov et al. (24) demonstrated that there might be more than one mechanism of NCAM homophilic binding by showing double-reciprocal binding of IgI-IgII domains. It is possible that the homophilic interactions described in this study might mediate homodimerization in addition to homophilic adhesion at intercellular contacts. A similar mechanism was shown to be important in the functioning of the PECAM-1 protein (37). In addition, homotypic binding between the extracellular domains of cadherins mediates the formation of complexes between parallel-oriented molecules on single cells and between cells, which is thought to cooperatively enhance adhesion (39) . Similarly, we suggest that cis interactions between polycystin-1 molecules, mediating homodimerization on the same membrane might coexist with trans interactions between opposing molecules at the site of cell-cell contact. The Ig-like regions used in this in vitro binding assay were produced in Escherichia coli and therefore are not glycosylated. As this part of the molecule contains several potential N-glycosylation sites, it is tempting to speculate that differential glycosylation of the Ig-like cluster in vivo might block some of the interaction sites and thus regulate the extent of homophilic interaction.
The importance of our biochemical binding assay results was tested in vivo by assessing the effect of anti-IgPKD antibody on MDCK cell monolayers using a well-established technique (36) . We have shown that our anti-IgPKD antibody perturbs cell-cell interactions in MDCK monolayers, suggesting that the Ig-like cluster is directly involved in intercellular adhesion. It remains to be shown, however, whether the anti-IgPKD antibody interferes with the homophilic interaction of the Ig-like cluster itself and/or blocks the heterophilic interaction of the Ig-like cluster with another cell surface molecule.
In summary, we have identified and characterized high affinity specific homophilic interactions involving the Ig-like domains of polycystin-1 in vitro and showed that these domains are involved directly in the cellular adhesive process in culture. Indeed, the dramatic alterations in the epithelial architecture of the tubular/ductal structures of affected organs that accompany cystogenesis in ADPKD indicate that polycystin-1 has an important role in maintaining normal epithelial organization (reviewed in refs [40] [41] [42] . The formation and progression of ADPKD cysts is characterized by increased cell proliferation, resulting in expansion of the epithelium, which displays a relatively undifferentiated appearance (42, 43) . The role of polycystin-1 in mediating cell-cell interactions, where such interactions are fundamental for cellular functions of proliferation, differentiation and maturation, is supported by a recent study of a targeted Pkd1 mutation in mice (44) . This study demonstrates that polycystin-1 is critical in the establishment and maturation of normal tubular architecture (44) . We and others have shown that the expression of polycystin-1 is continued into adult life at a lower level, where its functional activity might be required for cells to remain tightly associated in the epithelium (27, 28, 45, 46) . In addition, it is known that cell adhesion proteins play an important role in intercellular signaling (47) . Interestingly, it has been shown that the Cterminal domain of polycystin-1 has the capacity to modulate Wnt signaling during renal development (48) . We suggest that the loss of intercellular interactions due to a mutated polycystin-1 can be an important step in molecular cystogenesis.
MATERIALS AND METHODS
Anti-polycystin-1 antibodies, cell fractionation and immunoblotting
All antibodies were raised in rabbits against fusion proteins representing different domains of polycystin-1. Anti-LRR (residues 27-360) and anti-BD3 (residues 4097-4302) were produced and described previously (28) . Anti-L2 (residues 2714-3074) and anti-IgPKD (residues 843-2145) antibodies were produced against GST fusion proteins containing part of the REJ domain and Ig-like domains of polycystin-1, respectively. Crude membrane fractions from MDCK cells were prepared as described (49, 50) . Briefly, MDCK cell monolayers were harvested using cell scrapers and homogenized in 7 vol of homogenization buffer (10 mM HEPES, pH 7.4, 0.3 M sucrose, 0.5 mM EDTA) in the presence of a protease inhibitor cocktail (Boehringer Mannheim, Indianapolis, IN). Homogenate was centrifuged for 15 min at 1000 g and the supernatant centrifuged for 40 min at 150 000 g. The final membrane pellet and supernatant (cytosol) fractions were analyzed by immunoblotting. SDS-PAGE was carried out on 3-12 or 5-15% gradient gels in the presence of 1% 2-mercaptoethanol and transferred to nitrocellulose for immunoblot analysis. Primary affinity purified anti-polycystin-1 antibodies were used at a dilution of 1:100 and secondary goat anti-rabbit HRP antibodies (Boehringer Mannheim) were used at a dilution of 1:1000.
Expression of recombinant polycystin-1 in baculovirus/ insect cell system
Truncated polycystin-1 was expressed by using BacPAK TM Baculovirus Expression System (Clontech, Palo Alto, CA) according to the manufacturer's instructions. Briefly, PKD1 cDNA inserts HTM3 and Nhe delta were subcloned into pBacPAK9 transfer vector and co-transfected with BacPAK6 viral DNA into Sf21 insect cells. Individual plaques from the supernatant co-transfection medium were analyzed and selected for the high level of polycystin-1 protein production as assayed by western blotting.
Immunofluorescence
MDCK cells or baculovirus infected Sf21 cells were grown on glass coverslips and immunostained as described previously (28) . The primary antibodies were used at a dilution of 1:100 followed by incubation with FITC-labeled goat anti-rabbit secondary antibody at a dilution of 1:200. Cells were examined using a Zeiss Axioplan microscope.
Production of fusion proteins for in vitro binding assay
The cluster of Ig-like domains of polycystin-1 was subdivided into three constructs: Ig a (domains II-V), Ig b (domains VI-X) and Ig c (domains XI-XVI) and subcloned into pGEX-1 vector (Pharmacia, Piscataway, NJ) for production of GST fusion proteins designated GST-Ig a , GST-Ig b and GST-Ig c , respectively. The cDNA fragments for each construct were synthesized by PCR using as template the full-length human PKD1 cDNA described previously (28) . The GST-p53 construct (residues 73-390) was produced as GST fusion protein. The GST fusion proteins were purified only from soluble fractions of cellular extracts and not from inclusion bodies to ensure proper protein folding. Purification was performed by affinity chromatography on glutathione-Sepharose (Pharmacia) as recommended by the manufacturer.
In vitro translation probes
Translation of the PKD1 constructs in vitro was performed using the TNT Coupled Reticulocyte Lysate System (Promega, Madison, WI) as recommended by the manufacturer. The Ig-like domains of polycystin-1: Ig a (domains II-V), Ig b (domains VI-X) and Ig c (domains XI-XVI) were subcloned downstream of the oligo GTAATACGACTCACTATAGGGCGAGCCAC-CATGG, containing the T7 RNA polymerase promoter (bold) followed by an AUG initiation codon in a Kozak consensus context (underlined). This oligo was inserted between the BamHI and EcoRI sites of the pGEX-4T-1 vector (Pharmacia) downstream of the GST coding region, such that the same construct could be used either for GST fusion protein production or for the in vitro translation of the insert without the GST portion.
In vitro binding assay and determining the affinity of the interaction
GST fusion proteins or GST alone were immobilized individually onto glutathione-Sepharose (Pharmacia). Twenty microliters of beads with~10 µg of immobilized fusion proteins were used for each binding reaction. Approximately 10 µl of in vitro translated 35 S-labeled protein was incubated for 3 h at room temperature with immobilized fusion proteins in 0.1 ml of binding buffer (10 mM HEPES, pH 7.4, 100 mM NaCl, 0.75 mM benzamidine, 0.1 mM PMSF) and washed with 20 column volumes of the same buffer. The [ 35 S]translated material bound to the beads was resolved by SDS-PAGE with the input [ 35 S]protein run in parallel. The gels were exposed to X-ray film (X-Omat AR; Kodak, Rochester, NY).
The affinity of interactions was determined as described (31, 51) . Briefly, the 10 µl of [ 35 S]translated protein were incubated with six different concentrations (from 0 to 2000 nM) of immobilized GST fusion protein at room temperature for 3 h in 0.1 ml of binding buffer. After washing the beads from unbound material, the bound 35 S-labeled fraction was resolved electrophoretically and then quantified relative to the input [ 35 . We presented the bound fraction of L as a ratio between the amount of L bound in a certain sample and the amount of L at saturation level. The bound fraction of L was plotted against different concentrations of GST fusion protein [P t ] as shown in Figure 4 .
Disruption of cell-cell adhesion in cell monolayers
The disruption of intercellular adhesion was performed as described previously (36) . MDCK cells were grown for 24 h to 70% confluency in media with 10% fetal bovine serum. The media were replaced with media containing either anti-IgPKD immune serum at dilutions ranging from 1:10 to 1:100 or with control media containing preimmune serum and anti-LRR serum with the same dilutions. Cells were incubated for 2 h and live cell images were collected using a Nikon Eclipse 200 microscope equipped with a Sony CCD/RGB camera DXC-151 and ScionImage 1.62 a software (Scion Corporation, Frederick, MD).
